The upstream protein kinases responsible for thousands of phosphorylation events in the phosphoproteome remain to be discovered. We developed a three-component chemical reaction which converts the transient noncovalent substrate-kinase complex into a covalently cross-linked product by utilizing a dialdehyde-based cross-linker, 1. Unfortunately, the reaction of 1 with a lysine in the kinase active site and an engineered cysteine on the substrate to form an isoindole cross-linked product could not be performed in the presence of competing cellular proteins due to nonspecific side reactions. In order to more selectively target the cross-linker to protein kinases in cell lysates, we replaced the weak, kinasebinding adenosine moiety of 1 with a potent protein kinase inhibitor scaffold. In addition, we replaced the o-phthaldialdehyde moiety in 1 with a less-reactive thiophene-2,3-dicarboxaldehyde moiety. The combination of these two structural modifications provides for cross-linking of a cysteine-containing substrate to its corresponding kinase in the presence of competing cellular proteins.
Introduction
Protein phosphorylation represents one of the most dominant and evolutionarily conserved post-translational modifications for information transfer in cells and organisms. 1 The human genome encodes 518 eukaryotic protein kinases, and thousands of phosphorylation sites are present in the mammalian proteome. 2 In order to develop a global view of eukaryotic phosphorylation networks, it will be necessary to map the connectivity between kinases and phosphoproteins. To this end, we and others have developed methods that enable identification of kinase substrates. 3 The inverse problem, that of identifying upstream kinases responsible for specific phosphorylation events, has proven much more challenging. 4 Examples of phosphorylation sites with unknown upstream kinases include Ser-170 of the protein BAD which enhances its antiapoptotic activity, 5 Ser-497 of the natiuretic peptide receptor, which is responsible for desensitization of the receptor's antihypertensive activity, 6 and Ser-325 of the tumor suppressor LKB1, which is phosphorylated in response to the biguanide antidiabetic agent metformin. 7 These examples, as well as the thousands of new "orphan" phosphorylation sites that have been identified in the mammalian phosphoproteome, 8 highlight the need to develop methods for reverse mapping of phosphorylation networks as a complement to methods for kinase substrate identification.
Several years ago we reported a three-component chemical reaction designed to facilitate identification of the kinase responsible for a given phosphorylation event by covalently cross-linking a protein substrate of interest to its upstream kinase ( Figure 1) . 9 This is accomplished by replacing a phosphorylated serine or threonine residue of interest with a cysteine. This substitution provides a nucleophilic residue that is in close proximity to the site of phosphotransfer. To covalently link this cysteine to a lysine in the upstream kinase, a bifunctional, ATPbinding site directed cross-linker (1, Figure 1 ) was developed. This bifunctional reagent contains an o-phthaldialdehyde, which can chemoselectively cross-link a cysteine of the substrate to a lysine in the kinase. The irreversible nature of the cross-linking reaction provides the means to trap weak and transient kinase-substrate binding interactions.
Identification of kinase-substrate pairs is ideally carried out in a cellular environment which contains a full complement of cellular proteins and kinases, including scaffolding proteins which enhance kinase-substrate specificity.
10 Successful execution of cross-linking reactions in complex mixtures requires low background labeling of highly abundant cellular proteins that are not relevant to the phosphorylation event being studied. Unfortunately, we have found that cross-linker 1 reacts with many proteins in mammalian cell lysates and is not suitable for use in complex proteomes.
In theory, selectivity can by improved by specifically targeting the cross-linking agent to proteins of interest and by modulating the reactivity of the dialdehyde cross-linker. This strategy is similar to the design of highly selective irreversible enzyme inhibitors, 11 with the distinction that the isoindole cross-linking reaction is a three-component reaction rather than a bimolecular one. Yao and co-workers recently reported a modified version of cross-linker 1 that is based on 2,3-naphthalenedicarboxaldehyde rather than on o-phthaldialdehyde. This substitution improves the efficiency of the cross-linking reaction in cell lysates. 12 In this report, we systematically explore two of the structural elements that diminish the utility of cross-linker 1 in cell lysates and describe a new series of cross-linkers with greatly enhanced selectivity for the desired kinase substrate cross-linking reaction. In order to more selectively target protein kinases in cell lysates, we have replaced the weak, kinasebinding adenosine moiety of 1 with a general protein kinase inhibitor. In addition, we have replaced the o-phthaldialdehyde cross-linking moiety in 1 with a less-reactive five-membered heterocyclic dialdehyde. The combination of these two structural modifications has led to a compound capable of cross-linking a cysteine containing substrate to its corresponding kinase in the presence of a vast excess of competing cellular proteins without producing significant background cross-linking.
Results and Discussion
In this report, we utilized the serine/threonine kinase Akt as a model kinase for our studies. 13 Akt is a central node in growth factor signaling, and is hypothesized to be responsible for over 100 substrate phosphorylation events.
14 Although a substrate consensus motif has been identified for Akt (R-X-R-X-X-S/T-B, where X represents any amino acid and B represents bulky hydrophobic residue), 15 25% of reported Akt substrates do not contain this sequence 13 making unambiguous determination of Akt-substrate pairs a major challenge. Additionally, phosphorylation of the kinase substrates in vitro may not properly recapitulate phosphorylation events in cells. For example, although Akt was first shown to phosphorylate mTOR on S2448 in vitro, 16 further studies revealed that S6K1, itself a substrate of mTOR, reciprocally phosphorylates mTOR at S2448 in HEK293 cells.
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To optimize Akt-substrate cross-linking we chose a model peptide substrate sequence (RPRTSSF) derived from GSK3 .
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Our previous studies demonstrated that a fluorescein-labeled Akt consensus motif peptide (Fluorescein-ZZRPRTSCF, 2, Z ) aminohexanoic acid), in which the phosphorylated serine residue is replaced with a cysteine, can be cross-linked to Akt1 in the presence of 1 (Figure 2, lane 2) . However, the fluorescently labeled Akt1-peptide complex cannot be detected when the cross-linking reaction is conducted in the presence of 7 µg of HeLa cell lysate, and the observed nonspecific fluorescent products are not discernible from those produced with HeLa cell lysate alone (Figure 2, lanes 3-4) . We attribute the absence of Akt1 cross-linked product and abundance of background protein labeling, with proteins with molecular weights much smaller than known kinases, to lysine containing proteins which cross-link to fluorescently labeled peptide, 2.
In order to reduce the high amount of background labeling, we initially chose to focus on increasing the affinity of the adenosine portion of 1 for protein kinases. Adenosine is a weak, micromolar ligand for most protein kinases ( Figure 3A ) and is capable of binding to many other ATP utilizing proteins outside of the protein kinase family. We reasoned that replacing the adenosine fragment in cross-linker 1 with an alternative molecular scaffold, that has higher specificity and binding affinity for kinase ATP-binding sites would reduce the amount of background labeling. A key requirement for such a molecular scaffold is to maintain promiscuous kinase binding to ensure the resulting cross-linkers would be general and could be used to covalently cross-link any kinase with the substrate in question. An analysis of nonselective kinase inhibitors revealed a common structural motif that is responsible for promiscuous kinase-binding behavior. 19 Aminopyrazole 3 ( Figure 3C ) contains all the necessary structural properties for promiscuous inhibition, and therefore, appeared to be a promising molecular replacement for the adenosine fragment in cross-linker 1 ( Figure  3B ). In order to evaluate ability of aminopyrazole 3 to serve as a general scaffold for an o-phthaldialdehyde based cross-linker, we first determined if it is capable of binding to a wide assortment of protein kinases. 20 The affinity of aminopyrazole 3 for the ATP-binding site of 402 diverse kinases was assessed with a phage-encoded kinase library based method as described previously. 21 Compound 3 was screened against a panel of 402 kinases (including 43 clinical mutant kinases) at a single concentration (10 µM) to identify the number of kinases addressable by 3. The screen revealed that compound 3 binds 337 out of 359 wild type kinases tested (Supporting Information, Figure 4 and Table 1 ). A quantitative dissociation constant K d was then determined for 40 representative kinases that displayed binding interactions with the kinase inhibitor 3. 22 CDK2, CDK5, and JNK3 kinases were among the most potently inhibited kinases with K d 's of 4, 27, and 26 nM, respectively. Inhibitor 3 has low affinity for several kinases, including Akt1, making cross-linking to this kinase a particularly stringent test of the broad utility of the aminopyrazole based cross-linker.
Having established that compound 3 is a promiscuous kinase binder, we turned to identifying the appropriate linkage to the o-phthaldialdehyde moiety. We attempted to co-crystallize 3 bound to the tyrosine kinase c-Src 23 to facilitate proper positioning of the o-phthaldialdehyde moiety with respect to the kinase active site. Although we solved the crystal structure of the c-Src-3 cocomplex to 2.0 Å resolution, it was not possible to unambiguously determine the binding orientation of inhibitor 3 in the active site. Thus, we prepared a close structural analogue of 3, with a quinazoline rather than a pyrimidine core, 4 ( Figure  3C) , in hopes that an extra phenyl ring would aid in modeling the bound inhibitor 4 into the electron density map, without disrupting binding to the kinase active site.
Kinase inhibitor 4 was prepared starting from 2,4-dichloroquinazoline utilizing the synthetic route used for 3. 24 Under the previously optimized crystallization conditions, we were able to obtain a 2.35 Å resolution crystal structure of compound 4 bound to c-Src and unambiguously visualize its binding mode. The complex of Src with compound 4 crystallized under very similar conditions as the Src · imatinib complex, 25 and the unit cell dimensions of the two crystals are also closely related. Because the four Src complexes (which we designate chain A, B, C, and D) with compound 4 in the crystallographic asymmetric unit are highly similar, we will only discuss one of them (chain A).
Compound 4 forms a total of three hydrogen bonds with c-Src. The aminopyrazole forms three hydrogen bonds with the backbone of Glu 339 and Met 341, which mimic the hydrogen bonding pattern of adenine in ATP binding to the kinase. The quinazoline core in compound 4 forms hydrophobic contacts with the side chain of Leu 273 ( Figure 3D ). Two additional recently deposited structures of compound 4, co-crystallized with human Ste20-like kinase and human calcium calmodulin dependent protein kinase IIδ, show similar binding modes 26 which suggests that this class of inhibitors bind to divergent kinases in a consistent manner. In addition, quinazoline based kinase inhibitor 4, similar to 3, displayed promiscuous kinase binding properties and bound 317 out of 359 wild type kinases tested (Supporting Information, Table 1 ). Similar kinase binding profiles for compounds 3 and 4 indicated that the replacement of pyrimidine scaffold in 3 with quinazoline for crystallographic purposes was appropriate and did not significantly impair promiscuous kinase binding properties of the resulting inhibitor 4. Taken together, these results demonstrate that compound 3 is a promiscuous kinase binder and may serve as alternative molecular scaffold to replace the adenosine fragment in the initially discovered cross-linker 1.
Structural analysis of 4 bound to the three kinases (c-Src, Ste20-like kinase, and human calcium calmodulin dependent protein kinase IIδ) reveals the nitrile group in 4 is in the position corresponding to the 5′-hydroxyl group of ATP. This position is the site of attachment for the o-phthaldialdehyde in 1. We thus replaced the nitrile group of 3 with the o-phthaldialdehyde to produce candidate cross-linker 10. The synthetic route for 10 is illustrated in Figure 4A . Treatment of the previously synthesized intermediate 5 27 with the commercially available p-phenylenediamine in the presence of catalytic amount of HCl in BuOH at 100°C furnished amine 7. The final installation of the dialdehyde moiety was conducted by the treatment of amine 7 with aldehyde 8 under reductive amination conditions followed by acidic hydrolysis to yield cross-linker 10.
The aminopyrazole-based cross-linker 10 efficiently crosslinked Akt1 kinase to cysteine containing peptide 2 with a 2-fold increase in intensity of the cross-linked product band when compared with the adenosine based cross-linker 1 (Figure 4B , lanes 1-2) . In addition the cross-linking reaction was accompanied by the formation of higher molecular weight (∼180 kDa) fluorescent species ( Figure 4B, lane 2) . We attribute these products to further oligomerization of the Akt1-peptide crosslinked product induced by the dialdehyde 10 reacting with lysines on the Akt1 kinase surface. The observation that the cross-linking reaction tolerates significant changes in chemical structure of the initially developed dialdehyde 1 points to the robustness of the core isoindole forming reaction.
We asked if cross-linking of Akt1 with its substrate peptide 2 could be observed in the presence of HeLa cell extract. To determine if the newly designed cross-linker was more selective in the presence of cellular proteins, a mixture of recombinant Akt1 (560 nM), substrate peptide 2 (1 µM) and HeLa cell lysate (7 µg) were treated with either cross-linker 1 or 10. Unfortunately, even the newly designed aminopyrazole based crosslinker suffered a significant decrease in the efficiency of crosslinking of Akt1 with its substrate peptide 2 ( Figure 4B , lanes 3-4) when compared with experiments without cell lysate present ( Figure 4B, lanes 1-2) . The fluorescently labeled reaction products formed a complex pattern of fluorescently labeled bands which spanned the entire molecular weight range of the cell lysate proteome which was similar to that produced with 1 ( Figure 4B , lanes 3-4 and Figure 2 , lanes 3-4, respectively). The intensity of these background bands from the HeLa cell lysate was somewhat mitigated when cross-linker 10 was employed rather than 1 ( Figure 4B, lanes 3-4) . Our interpretation is that the kinase-binding portion of the crosslinker reagent is partially responsible for the nonspecific background reactions yet other elements of cross-linker 10 are responsible for the majority of the undesired reactivity of the cross-linker. Therefore, we set out to identify and modify the other remaining elements of 10 in order to obtain a kinasesubstrate cross-linker suitable for whole cell lysate studies.
We focused on the o-phthaldialdehyde moiety since its reactivity is a key determinant of cross-linking reaction. We asked if o-phthaldialdehyde alone, without any kinase-directed adenosine or aminopyrazole element, is capable of cross-linking cysteine containing peptide 2 to cellular proteins. o-Phthaldialdehyde has been used to intramolecularly label enzymes that possess proximal lysines and cysteines, such as creatine kinase 28 and hexokinase, 29 and thus is itself capable of mediating isoindole formation in a cellular context. We asked if o-phthaldialdehyde would efficiently carry out intermolecular cross-linking of peptide 2 to cellular proteins. HeLa cell lysates were treated with fluorescently labeled peptide substrate 2, followed by the treatment with cross-linker 1 or with ophthaldialdehyde. Surprisingly, o-phthaldialdehyde and 1 produced similar patterns of cross-linked fluorescent bands, with only modest differences in the fluorescent intensity ( Figure 4C ). Since o-phthaldialdehyde contains no particular protein targeting moieties (e.g., adenosine), yet exhibits similar cross-linking to a diverse set of proteins we conclude the broad spectrum of cross-linked products produced by 1 and 10 are a result of the high reactivity of o-phthaldialdehyde itself. Therefore, we aimed to reduce the reactivity of o-phthaldialdehyde toward nonkinase proteins in the cell lysates.
The observation that o-phthaldialdehyde efficiently cross-links background proteins in cell lysates led us to use this assay as a screen for a second generation of dialdehyde species with reduced reactivity. Consideration of the isoindole forming reaction mechanism and previous structure activity studies of the reaction, 30 led us to investigate a ketone functionality as a replacement for one aldehyde group in o-phthaldialdehyde, to produce o-acetylbenzaldehyde 11 ( Figure 5A ). This analogue is predicted to serve as a less reactive substitute to ophthaldialdehyde, since it contains a sterically hindered and less electron deficient acetyl group, while still reacting with thiols and amines to produce isoindoles. 31 Naphtalene-2,3-dialdehyde 12 was also included in the screen since Yao and co-workers reported an improved version of cross-linker 1, containing naphthalene-2,3-dialdehyde.
12 Replacement of the acetyl group in o-acetylbenzaldehyde 11 with a cyanogroup led to ocyanobenzaldehyde 13 as another possible candidate with reduced reactivity, this cyanoaldehyde forms a thiazolidine based product rather than isoindole. 32 We also asked if replacing the six-membered aromatic ring in o-phthaldialdehyde with a fivemembered aromatic heterocycle, such as thiophene, could eliminate nonspecific cross-linking in cell lysates, due to additional steric strain of the resulting thieno[2,3,c]pyrrole-based cross-linked product when compared with isoindole. Indeed, commercially available thiophene-2,3-dialdehyde 14 ( Figure 5A ) has been shown to react with primary thiols and amines to produce thieno[2,3-c]pyrroles, 33 which are isoelectronic to isoindoles.
We compared the cross-linking of fluorescently labeled Akt1 substrate peptide 2 to HeLa cell lysate proteins in the presence of each of the unsubstituted cross-linkers, o-phthaldialdehyde or 11-14 ( Figure 5A ). o-Acetylbenzaldehyde 11 produced a less-intense, but similar pattern of fluorescently labeled bands compared to o-phthaldialdehyde ( Figure 5A , lane 2). Naphthalene-2,3-dialdehyde 12 produced fewer but did not completely eliminate nonspecifically labeled fluorescent cross-linked products when compared with o-phthaldialdehyde or o-acetylbenzaldehyde 11. However, both o-cyanobenzaldehyde 13 and thiophene-2,3-dialdehyde 14 showed dramatic reductions in the nonspecific labeling of cell lysate proteins ( Figure 5A , lane 3-4).
On the basis of the dramatic reduction of the background reactions of cellular proteins with the thiophene dialdehyde 14 and its ability to form thieno[2,3-c]pyrrole based products upon reaction with amines and thiols, 33 we asked if we could direct thiophene-2,3-dialdehyde to the kinase ATP-binding site and produce a kinase-substrate cross-link. Since aminopyrazole-based cross-linker 10 appeared to produce less background labeling when compared to adenosine-based cross-linker 1, we chose to append the thiophene dialdehyde moiety directly to aminopyrazole 7. The required dialdehyde 15 was prepared in two steps from commercially available 2,3-thiophenedialdehyde 14 ( Figure 5B) . 34 Reaction of the aldehyde 15 with the previously synthesized amine 7, under reductive amination conditions, furnished compound 16 which was subsequently hydrolyzed under mild acidic conditions to afford cross-linker 17.
First, we tested if cross-linker 17 was capable of cross-linking recombinant Akt1 kinase to the fluorescent peptide substrate 2. Treatment of Akt1 and substrate peptide 2 with cross-linker 17, produced an intensely fluorescent band of labeled Akt1 kinase, confirming that the newly prepared cross-linker 17 is capable of mediating the desired kinase-substrate covalent cross-link ( Figure  5C ). However, as in the case of cross-linker 10 ( Figure 4B , lane 2), the cross-linking reaction was accompanied by the formation of higher-molecular-weight (∼180 kDa) species ( Figure 5C , lane 1). We next optimized conditions for kinase substrate cross-linking employing the newly synthesized cross-linker 17. Studies on the pH dependence of the cross-linking reaction indicate that pH 5 is optimal for the cross-linking reaction (Supporting Information, Figure 1A) . The cross-linking reaction is also resistant to the presence of competing thiol nucleophiles, tolerating up to 1000-fold excess of -mercaptoethanol relative to cysteine containing peptide substrate 2 (Supporting Information, Figure 1B) , thus illustrating remarkable chemoselectivity toward the thiol containing peptide. Covalently cross-linked kinase-substrate complex was readily cleaved upon heating as no detectable cross-linked band was observed when samples were boiled prior to SDS-PAGE analysis (Supporting Information, Figure 1C ). The reaction showed linear dose dependence, with respect to both cross-linker 17 and fluorescent peptide 2 concentrations (Supporting Information, Figures 2 and 3) . Saturation of the cross-linked signal was observed when the concentration of cross-linker 17 and peptide 2 reached ∼40 and 60 µM, respectively ( Supporting Information, Figures 2  and 3 ).
Next, we tested if cross-linker 17 could specifically crosslink Akt1 kinase to its substrate peptide 2 in a complex cell lysate. We carried out the cross-linking reaction with Akt1 and its substrate peptide 2 (1 µM or 49 ng of peptide 2 per reaction) alone ( Figure 5D , lane 1), and in the presence of increasing amounts of cell lysate from 1 µg (lane 2) up to 32 µg (lane 7) ( Figure 5D ). Remarkably, fluorescein-containing cross-linked product is readily apparent in the presence of up to 8 µg of HeLa cell lysate ( Figure 5D , lane 6). Thus, thiophene based cross-linker 17 represents a significant improvement over crosslinkers 1 or 10 which produced abundant nonkinase cross-linked products in the presence of cell lysates ( Figure 4B, lanes 3-4) .
In conclusion, a three-component chemical reaction leading to the formation of the covalently cross-linked kinase-substrate complex in vitro, has been developed to cross-link recombinant Akt kinase with its cysteine-containing peptide substrate in the presence of cell lysates. This was achieved through extensive structural modifications to the adenosine and dialdehyde fragments in cross-linker 1. The adenosine fragment in cross-linker 1 was replaced with a promiscuous kinase inhibitor that has a nanomolar binding affinity toward a wide range of kinases to enhance targeting to protein kinase active sites. We determined that o-phthaldialdehyde itself is largely responsible for the nonspecific labeling of cell lysate proteins. We have developed an alternative dialdehyde, thiophene-2,3-dicarboxaldehyde 14, that shows a remarkable decrease in the nonspecific background labeling of cell lysate proteins. Replacing the o-phthaldialdehyde derived fragment in our newly designed cross-linker 10 with the thiophene-2,3-dicarboxaldehyde moiety led to cross-linker 
